The phosphatidyl glycerophosphate B phosphatase of Escherichia coli has a multiple substrate specificity and a peculiar dual subcellular localization in the envelope. Its phosphatidyl glycerophosphate phosphatase activity is higher in the cytoplasmic membrane, while phosphatidic acid and lysophosphatidic acid phosphatase activities are higher in the outer membrane. The DNA sequencing of the pgpB gene revealed a protein of 251 amino acids which had at least five hydrophobic membrane-spanning regions. About 37 hydrophilic residues in the middle of the sequence had considerable homology with the C-terminal conserved region of the ras family genes in eucaryotes. A protein of 28,000 daltons was expressed from the pgpB gene under a tac promoter in a runaway replication plasmid. This overproduced protein also revealed the dual subcellular localization.
The phosphatidyl glycerophosphate (PGP) B phosphatase of Escherichia coli hydrolyzes three substrates: PGP, phosphatidic acid (PA), and lysophosphatidic acid (LPA). Although the membrane localization of PGP phosphatase has not been studied previously, enzymes in the phospholipidbiosynthetic pathway are generally localized in the cytoplasmic membrane in E. coli and Salmonella typhimurium. On the other hand, Bell et al. (2) observed that LPA phosphatase is localized in the outer membrane. Therefore, the finding that the PGP, PA, and LPA phosphatase activities directed by the pgpB gene are not separable genetically (17) raised a question about the substrate specificity and membrane localization of the pgpB gene product. The unusual discovery presented in this paper is that this enzyme is located in both the outer and cytoplasmic membranes. Furthermore, PGP phosphatase activity is higher in the cytoplasmic membrane, whereas PA and LPA phosphatase activities are higher in the outer membrane.
To understand this unusual dual subcellular localization, I have cloned this gene and inserted it into an expression vector, a runaway replication plasmid (3) carrying the tac promoter (28) , to overproduce this gene product. This study shows that the pgpB gene is a single structural gene coding for an enzyme with all three phosphatase activities. The product of the pgpB gene behaves differently in the cytoplasmic and outer membranes of E. coli.
MATERIALS AND METHODS
Bacterial strains and plasmids. E. coli JM103 (lacJ^) (25) was obtained from New England Biolabs, Beverly, Mass. Strain TI82 (phoA8 pgpB26 recA) was a recA derivative from T174 (17) . Other strains are described in Table 1 of the accompanying paper (15) .
Plasmid pLC26-25 (cysB+ gyrA+ pgpB+) was found among the Clarke and Carbon collection of Col El E. coli hybrid plasmids (6) . Plasmids pACYC184, pBR322, and pTI10 were described in the accompanying paper (15) . Plasmid pDR540 (28) was from PL Biochemicals, Milwaukee, Wis. Plasmid pMOB45 was described previously (18) .
An expression vector, pTI5, was constructed by inserting t Present address: Laboratory of Genetics, Department of Biology, The University of Tokyo, Hongo, Tokyo 113, Japan.
the 92-base-pair (bp) HindIII-BamHI fragment of plasmid pDR540, containing the tac promoter, into the HindIIIBamHI site of a runaway replication plasmid, pMOB45. Plasmid pTI5 was maintained in JM103 at 30°C.
Colony autoradiography. The PGP B phosphatase assay by colony autoradiography was essentially the same as that for the PGP A phosphatase assay except the reaction condition was optimized for the PGP B phosphatase (condition B) (17) , and strain T182 (pgpB recA) was used as the host. However, this assay was not as sensitive as the pgpA assay (condition A) (15) , and candidate clones were screened for their phosphatase activity in vitro.
Separation of membranes. Outer and cytoplasmic membranes were separated by the method of Osborn and Munson (27) . Cells were grown in 200 ml of L-broth at 37°C. Spheroplasts were disrupted by mild sonication. After membrane fractionation on a sucrose gradient, NADH oxidase activity (26) , UV absorbance (turbidity), and protein concentration were measured with lipid phosphatase activities.
For assay of the phosphatases, 20 ,ul of the membrane fraction, undiluted or diluted with 25% sucrose and 5 mM EDTA, was withdrawn and incubated with an 80-,ul reaction mixture (17) . Since EDTA was already present in the membrane fractionation buffer, its addition to the reaction mixture was not necessary.
Isolation of PGP B phosphatase and peptide analysis. After the temperature shift and the induction by 2 mM isopropyl-3-D-thiogalactoside (ITPG), the membranes were separated as described above. The separated membranes were diluted with 20 mM Tris hydrochloride (pH 8.0) containing 10 mM 2-mercaptoethanol and collected by centrifugation at 45,000 rpm for 2 h in a Beckman TiSO rotor. The membrane pellets were suspended in sodium dodecyl sulfate (SDS) sample buffer, boiled for 3 min, and loaded on a 12.5% SDSpolyacrylamide gel (23) . For peptide sequencing, the protein sample derived from the cytoplasmic membrane of strain JM103(pTI5-217) was eluted from the SDS-polyacrylamide gel preparatively (14) . CNBr cleavage of the protein (11) and peptide sequencing analysis with a gas-phase sequencer (13) were performed at the University of Wisconsin Protein Sequence-DNA Synthesis Facility by R. L. Niece.
Miscellaneous. The sources of enzymes and radiochemicals were the same as described in the accompanying paper 5118 ICHO (17) . Under these conditions, clones carrying the pgpB gene showed slightly lighter haloes on the X-ray film among PGP B phosphatase-negative colonies. Among 64 candidates picked, 11 showed overproduction of both PGP and PA phosphatases in crude extracts. The smallest plasmid was pTIB5, as indicated in Fig. 1 One of the ColE1-E. coli hybrid plasmids, pLC26-25, was partially digested with SaulIIA, and the fragments were cloned into pA CYC184. Plasmid pTIBS was one of the smallest plasmids containing the pgpB gene. The sequenced plasmid, pTIB110, is one of the deletion plasmids derived from pTIB5, generated by the nuclease Bal31. A plasmid carrying BamHI-SmaI cloning sites, pTI10, and a runaway replication plasmid carrying a tac promoter, pTI5, are described in Materials and Methods. The pgpB gene is indicated by the thick line. B, BamHI; E, EcoRI; Sa, SalI; V, EcoRV; Sp, SphI; Sm, SmaI; H, HindIll.
pTI10, a derivative of pBR322 in which the SmaI site lies between two flanking BamHI sites (16) . Strains carrying the resulting plasmids were tested for their PGP, PA, and LPA phosphatase activities (Table 1) . Since plasmids carrying smaller DNA inserts made more of the phosphatases, these phosphatase activities may be plasmid copy number dependent. Among 60 deletions tested, individual phosphatase activities fluctuated two-or threefold within each strain; these phosphatase activities increased, decreased, or were lost concomitantly.
Dual membrane localization of phosphatases. Bell et al. (2) reported that LPA phosphatase is located in the outer membrane, while other enzymes in the major pathway of phospholipid synthesis are in the cytoplasmic membrane. However, all previous studies assumed that there was only one PGP phosphatase in E. coli (4, 5) . Therefore, the subcellular localization of all three phosphatases was examined by using PGP phosphatase mutants and clones. , and T175 were separated as described in Materials and Methods. The total PGP phosphatase (0) and PA phosphatase (0) activities of each 500-pI fraction are diagrammed. The peaks of UV absorbance for outer membrane (OM) and cytoplasmic membrane (CM) are indicated by arrows. In each experiment the maximum peak of NADH oxidase activity matched the UV absorbance peak of the cytoplasmic membrane. The extent of contamination of NADH oxidase activity in outer membrane fractions was less than 2% of the total activity.
As shown in Fig. 2 , PGP phosphatase activity resided in both the outer and cytoplasmic membranes in the parent and the pgpA mutant. In the pgpB mutant, the activity was located only in the cytoplasmic membrane fraction, and in the pgpA pgpB double mutant, the activity was at the background level. This result suggests that the PGP A phosphatase is a cytoplasmic membrane enzyme and the PGP B phosphatase is located in both the outer and cytoplasmic membranes. On the other hand, PA phosphatase activity was mainly localized in the outer membrane fraction of pgpB+ strains.
In order to provide evidence that these differently localized phosphatases were encoded by the pgpA and pgpB genes, outer and cytoplasmic membrane fractions from strain TI83 carrying a pgpA plasmid, pTIA26, or two pgpB plasmids, pTIB1O1 and pTIB158, were pooled, and their three phosphatase activities were measured ( Table 2 ). The strain carrying the pgpA plasmid overproduced PGP phosphatase in the cytoplasmic membrane. The strain carrying the pgpB plasmid overproduced all three phosphatase activities in both membranes. However, for all three phosphatases encoded by the pgpB gene, portions of activities associated with the cytoplasmic membrane increased in the overproduced clones compared with the pgpA strain, T171. The majority of the overproduced PGP phosphatase activity was localized in the cytoplasmic membrane. The absolute amounts of PA and LPA phosphatase activities were still higher in the outer membrane. However, the specific activities of these two phosphatases in the overproducing clones shown in Table 2 were equivalent between two membranes because of the higher protein content in the outer membrane. For example, the amount of protein in the peak fractions from outer and cytoplasmic membranes of strain TI70, shown in Fig. 2 Table 1 and Fig. 3 . The open reading frame for the pgpB gene is illustrated at the bottom.
used as a standard for sequencing together with terminal fragments derived from the plasmids summarized in Table 1 . Restriction sites are shown together with the sequenced DNA fragments (Fig. 3) . The termini of several BaIl3 nuclease-generated fragments were also sequenced and are included in this figure. Since all the DNA fragments were cloned into the SmaI-BamHI adapter fragment in plasmid pTI10 (19) , each fragment carried the sequence derived from this fragment, GATCCCC, on the 5' end. The sequence starts from the BamHI end of pTIB110 and ends at the RsaI site close to the other BamHI end of the fragment. (12, 30) . About 25 bp upstream from the -10 region, there was the sequence TTTTT. Two possible -35 region sequences surrounded this sequence. Plasmids pTIB158 and pTIB139 carried the sequences starting from this part of the DNA. Although neither of the plasmids carried a small portion of the C-terminal ends of the pgpB gene, pTIB158 resulted in a higher PGP phosphatase specific activity than pTIB139. Therefore, the several bases before base 212 [T(TTTT)] seem to play an important role in the normal expression of the pgpB gene. At bases 97, 115, and 148, there were stop codons [T(AA)] for each reading frame. Therefore, there could be a transcriptional terminator around this region which interrupts the outside promoter activity. As shown in Table 1 , the level of the PGP B phosphatase was higher in plasmids pTIB234 and pTIB217 than in plasmids pTIB110. In this case, the possible effects of the vector promoters outside of the cloned fragments cannot be eliminated. In fact, as described later, the high yields of PGP B phosphatase activity were obtained by inserting fragments from these plasmids downstream of the tac promoter.
There was a relatively weak stem-loop structure, whose energy was calculated as -3.1 kcal (7), around the termination codon (Fig. 4 ). Since this structure had a stretch of four T's at the end, it may be a rho-independent terminator. Close to the C-terminus of the pgpB gene, there was the sequence GCGCAACGA and two similar sequences, as indicated by the lines over the sequences. However, their significance is not clear.
In the amino acid sequence deduced from the DNA sequence, there was a hydrophobic N-terminus resembling a signal peptide. The following features match the concept of the signal peptide (19) : (i) three basic amino acid residues, arginines, at the amino terminus; (ii) a sequence of 17 hydrophobic amino acids directly following the three arginines; (iii) a serine residue following the hydrophobic core; (iv) a glycine residue at the signal peptide cleavage site; and (v) a proline and a glycine within the hydrophobic domain. Therefore, it is possible that the pgpB precursor protein is cleaved between serine and glycine, as indicated in Fig. 4 . However, this assumption contradicts the -3, -1 rule of von Heijne (31), because of a Trp residue at the -3 position relative to this possible cleavage site. The following experiments were performed to determine whether the N-terminal sequence is cleaved at this position. Massive overproduction of the pgpB gene product from a tac promoter in a runaway replication plasmid. The BamHI fragments isolated from plasmids pTIB158, pTIB217, and pTI234 were inserted into the BamHI site of an expression vector, pTI5. The resulting plasmids were designated pTI5-158, pTI5-217, and pTI5-234, respectively. Since these plasmids still carry the original pgpB promoter and since the repression of tac promoter activity in the lacIq host is not high enough, the uninduced level of PGP phosphatase activity is already very high. When strains carrying these plasmids were cultured at 37°C to increase the plasmid copy number and were induced by 2 mM ITPG, they produced 300 to 600 times more PGP phosphatase activity than the strain carrying the vector pTI5 ( Table 1 , are indicated by the arrows. These fragments have the sequence GATCCCC at their 5' ends, which derived from the BamHI-SmaI adapter fragment in pTI10. The possible promoter region (-35, -10) for the pgpB gene is shown with the E. coli promoter consensus sequence. The most conserved residues are capitalized. The possible ribosome-binding site (SD) is shown with the complementary sequence from the 3' end of 16S rRNA. A weak stem-loop structure at the end of pgpB is indicated by the lines over the sequence. Repeated sequences GCGCAACGA and two similar sequences are indicated by the lines as well. The possible signal peptide cleavage site in the deduced amino acid sequence is indicated by ><. The starts and the ends of the DNA inserts listed in Table 1 plasmids was visible by staining. As shown in Fig. 5 , both outer and cytoplasmic membranes isolated from strain TABLE 3. Overproduction of PGP B phosphatasea JM103(pTI5-217) had a unique protein band of 28 kilodaltons (kDa), and those isolated from JM103(pTI5-158) had a diffuse protein band at ca. 27 kDa. The distribution pattern of the stained proteins confirmed that these membranes were well separated, and only the PGP B protein exhibited dual membrane localization. The specific activity of PGP in these cytoplasmic membrane fractions exceeded 10 mmol/min per mg of protein, which corresponds to 2,000-to 4,000-fold purification over the crude extract of wild-type E. coli. While the PGP B protein in the cytoplasmic membrane was solubilized at room temperature in the SDS sample buffer, that associated with the outer membrane was solubilized only after boiling in the same buffer. Since the protein in the cytoplasmic membrane fraction was well separated from a Late-log-phase cultures of these strains were diluted 20-fold into fresh L-broth. After a 1-h incubation at the indicated temperature, cells were induced by 2 mM ITPG. After an additional 1-h incubation, sonicates were prepared and 32Pi release from [32P]PGP was assayed as described previously (17) . other membrane proteins, the cytoplasmic membrane protein purified from the gel was used for protein sequencing.
Initially, the sample was analyzed directly by using the gas-phase amino acid sequencer. However, no sequence was obtained because the N-terminus of the peptide was blocked. Therefore, the sample was cleaved by CNBr and the mixture of the cleaved peptides was sequenced. The result of the mixed amino acid sequencing was consistent with the deduced amino acid sequence shown in Fig. 4 As shown in Table 2 , the membrane distribution of LPA pho'sphatase, directed by pgpB, is similar to that of PA phosphatase. Also, the requirements for EDTA and magnesium for these two activities resemble each other (T. Icho, unpublished results). On the other hand, the optimum substrate concentration for the PA phosphatase reaction is lower than that for the PGP and LPA phosphatases. In spite of these multiple substrate specificities, the DNA sequencing and peptide analysis of the pgpB gene product clearly showed that pgpB is a single structural gene coding for an enzyme for all these activities. Figure 6 shows the hydropathy plot made by the method of Kyte and Dolittle (21) . There are at least five hydrophobic stretches long enough to span the membrane. The first hydrophobic stretch corresponds to the possible leader peptide, and the remaining stretches seem to surround a relatively hydrophilic domain in the middle of the protein, which could possibly interact with the hydrophilic parts of PGP, PA, or LPA. By using the scoring matrix of the mutation data in the Protein Identification Resource data base, distinctive homology of this region (40% identity in a 37-amino-acid overlap) was detected with a portion of K-ras transforming protein 1 (Fig. 7) . This portion of the K-ras protein sequence is the same in human and mouse DNA and the Kirsten murine sarcoma virus. The first two-thirds of the homologous portion of the ras protein are proposed to be one of the conserved domains necessary for transforming activity and possibly for GTP binding (22) . In fact, this portion of the PGP B protein sequence is also homologous to the corresponding H-ras, N-ras, and yeast ras protein sequences, and the difference in the extent of homology mainly reflects the sequence difference in the last one-third of the variable portion of the ras genes. It is known that the relative amount of the components of phosphatidylinositol turnover cycle, including diglyceride and inositolphosphates, increase upon transformation by ras genes (9) . In yeast cells, enhancement of inositolphosphate turnover upon glucose induction in ras mutants has been reported (20) . Since the PA phosphatase reaction is the reversal of the diglyceride kinase reaction, which is part of the phosphatidyl inositol pathway, this similarity is certainly suggestive, considering the function or the evolution of ras family genes, although there is no direct evidence that these genes are enzymatically related.
As (21) . The average of a residue specific hydrophobicity index over a window of nine residues (x axis) was plotted for the whole PGP B sequence (y axis). Five or six possible membrane-spanning sequences, including the first possible signal peptide, were revealed with this plot. The 37 residues indicated with a thick line show weak similarity with a portion of ras proteins, as summarized in Fig. 7. J. BACTERIOL. outer membrane seem to be cleaved normally in this system, since the distribution of other proteins in either the outer or the cytoplasmic membrane in Fig. 4 was the same in JM103(pTI5) and JM103(pTI5-217).
The most interesting question is why the substrate specificity of the PGP B phosphatase is different when it is localized in the outer and cytoplasmic membranes. Although a polypeptide of 28 kDa directed by the pgpB gene was detected, this does not completely eliminate the possibility that an additional subtle posttranslational modification which may alter the substrate specificities exists under physiological conditions.
Alternatively, a single unprocessed form of the PGP B phosphatase might behave differently depending on its membrane environment. For example, the substrate specificities might be affected by the phospholipid composition in vitro as well as in vivo, the concentration of divalent cations, or the temperature. Since there is no direct evidence that an additional form of the protein really exists, the latter possibility is quite high. Also, even if a subtle difference really exists, it is not necessarily responsible for the differential expression of the phosphatases in the outer and cytoplasmic membranes. Further purification of the PGP B phosphatase will be necessary to resolve these issues.
